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Abstract 
 
 

Urbanisation often reduces local biodiversity, yet cities can maintain high total 

species richness, a pattern underlying the "cities-as-bioarks" hypothesis that urban 

remnant habitats serve as refuges for native species. We surveyed ants across 60 

sites in Atlanta, Georgia (USA), spanning streetscapes, manicured parks, and 

forested parks. Contrary to bioark predictions, native richness was lowest in forested 

parks and declined strongly with abundance of the invasive Asian needle ant, 

Brachyponera chinensis, indicating that habitat protection alone is insufficient without 

active invasive species management. Because sampling protocols developed for 

natural habitats may not capture urban ant diversity effectively, we also evaluated 

four common methods (pitfall trapping, leaf-litter extraction, hand collection, and 

baiting) at these sites and reviewed 86 urban ant studies published between 2001 

and 2025. Hand collection and pitfall trapping captured the greatest diversity, yet 

pitfall traps and baiting dominate the literature while hand sampling remains 

underused. 
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Chapter 1: Invasive species undermine the bioark hypotesis in a low-latitude 
urban biodiversity hotspot 

 
 

Introduction 

Although biodiversity frequently declines with increasing urban intensity 

(Sanllorente et al. 2025), studies of urban insects show that total species richness at 

the city scale can remain high (Baldock et al. 2015; Savage et al. 2015). This 

paradox arises, in part, because cities are mosaics of habitats that differ in urban 

intensification and management (Sattler et al. 2011). Protected natural habitats 

within city bounds may function as “bioarks” that preserve native species within 

otherwise heavily altered landscapes (Brassard et al. 2021; Diamond et al. 2023). 

Most support for the cities-as-bioarks hypothesis comes from northern latitudes. 

Because most of the world’s biodiversity is concentrated at low latitudes, testing the 

bioark hypothesis in these regions is essential for understanding how urbanisation 

reshapes global diversity. Low-latitude areas may experience stronger pressures 

from urban heat and invasive species, potentially limiting their capacity to sustain 

native communities (Youngsteadt et al. 2017; Guo et al. 2021; Rajesh et al. 2022). 

Whether remnant natural habitats in low-latitude cities can function as bioarks under 

these combined pressures remains unresolved.  

 Urban climate represents one major pathway through which cities restructure 

insect communities. Urbanisation elevates temperatures and alters microclimatic 

conditions, often increasing thermal stress in exposed habitats (Angilletta Jr et al. 

2007). However, the ecological consequences of urban warming may vary with 

latitude, altering the strength or direction of these effects. For example, in a global 

analysis of bird and plant diversity, Aronson et al., (2014) found that the magnitude 
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of urban biodiversity loss depended strongly on regional climate and biogeography, 

and Leveau et al. (2017) demonstrated that urbanisation flattened latitudinal patterns 

of avian species richness across the southern Neotropics, with the largest urban-

rural differences occurring at lower latitudes. Similar patterns have emerged in 

studies of insects and other arthropods, for example, Youngsteadt et al. (2016) found 

that urban warming increased insect abundances at high latitudes but had 

increasingly negative effects with decreasing latitude. In a study focused on ants, 

Penick et al. (2025) observed consistent declines in species richness with urban heat 

across cities, but there were potentially greater absolute losses in species-rich, low-

latitude regions. These findings suggest that urban heat may relax thermal 

constraints in cooler cities while intensifying them in already warm regions where 

species operate closer to their physiological limits. Stronger negative effects of urban 

warming at low latitudes may therefore undermine the capacity of cities to function 

as bioarks, especially if warming extends into remnant habitats. 

Biological invasion represents a second major pathway through which cities 

restructure insect communities. Invasive species are major drivers of biodiversity 

loss worldwide and impose substantial economic costs (Senator and Rozenberg 

2017; Gruber et al. 2021; Angulo et al. 2022). Urban ecosystems, in particular, tend 

to support high densities of invasive ants (Gochnour et al. 2019), which thrive in 

disturbed habitats and can suppress native species through competition, predation, 

and resource monopolisation (Holway et al. 2002; Carpintero and Reyes-López 

2008). In a large-scale analysis of urban ant diversity, Perez et al. (2022)  found that 

urbanisation had stronger negative effects on diversity at low latitudes. Although that 

study did not directly test the role of invasive ants, it documented greater divergence 

between urban and non-urban communities in low-latitude cities, suggesting a shift 
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toward communities dominated by non-native species. These patterns suggest that 

low-latitude cities may experience stronger invasion pressure than their high-latitude 

counterparts, which may erode the bioark potential of low-latitude cities. 

Here, we surveyed ant communities in Atlanta, Georgia (USA), to test whether 

protected remnant habitats can sustain high native insect diversity (the bioark 

hypothesis) or whether this potential declines at lower latitudes. Atlanta lies within 

the largest urban corridor in the southeastern United States (Terando et al. 2014) 

and hosts three prominent invasive ants: red imported fire ants (Solenopsis invicta 

Buren 1972), Argentine ants (Linepithema humile (Mayr, 1868)), and the more 

recently established Asian needle ant (Brachyponera chinensis (Emery, 1895)). Of 

these, B. chinensis is unique in its ability to colonise and dominate intact forest 

habitats, making it a potential driver of diversity loss even in low-disturbance 

environments (Guénard and Dunn 2010; Warren et al. 2015; Guénard et al. 2018; 

Kanes et al. 2025). Under the bioark hypothesis, we predicted that forested parks 

would support the highest native diversity. If urban climate effects dominate, we 

expected steeper declines in diversity with increasing urban heat. If invasion exerts 

stronger control, we predicted reduced native diversity in sites where invasive 

species abundance is high. Together, these predictions allow us to evaluate whether 

urban habitats in a low-latitude city function as bioarks and how their responses to 

climate and invasion differ from those observed at higher latitudes. 

 

Methods 

Study sites 
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We sampled ant communities at 60 sites in Atlanta, Georgia (USA) during 

June-August 2021 and June 2023 (Table S1; Fig. 1). We selected sites to represent 

three common urban habitat types that vary in disturbance: streetscapes (high 

disturbance), manicured parks (moderate disturbance), and forested parks (low 

disturbance). We defined streetscapes as highly fragmented areas under 5,000 m², 

such as traffic islands, roadside plantings, and greenspaces near buildings. We 

defined manicured parks as green spaces over 5,000 m² with mixed canopy cover 

and an understory dominated by mowed grass or planted woody vegetation. Finally, 

forested parks were forested areas over 5,000 m² categorised by minimal 

maintenance, dense canopy cover, and the ground being covered primarily in leaf 

litter. The dominant plants in forested parks were white oak (Quercus alba L.), 

loblolly pine (Pinus taeda L.), American beech (Fagus grandifolia Ehrh.), poison ivy 

(Toxicodendron radicans [L.] Kuntze), English ivy (Hedera helix L.), and Virginia 

creeper (Parthenocissus quinquefolia [L.] Planch.). In total, we sampled 18 

streetscapes, 20 manicured parks, and 22 forested park sites across the city across 

all sampling methods. 

To quantify environmental variation among sites, we ran two perpendicular 

transects (20 m each) that intersected at the centre of each site. At 5-meter intervals 

along each transect, we measured leaf litter depth and ground cover type by visual 

inspection (categories included: bare ground, mulch, leaf litter, fine vegetation, or 

coarse vegetation). Following methods from Penick et al., (2025), we computed a 

vegetation complexity index (VCI) as the Shannon diversity index (H) of vegetation 

categories, where each vegetation type was treated as a ‘species’ and it’s 

abundance was the percentage of cover. At the centre of each site, we also recorded 

canopy cover using the ‘Percentage Cover’ iOS app (Mignanelli 2021) at each 
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cardinal direction, taking the average. We supplemented on-site data with NLCD and 

Landsat Collection in ArcGIS Pro to extract percent impervious surface and surface 

temperature with a resolution of 30 m (U.S. Geological Survey 2021; Dewitz 2023). 

Surface temperature values were extracted from all available cloud-free Landsat 

scenes collected between June 1 and August 31, 2023. 

 

Ant Sampling 

To capture the widest diversity of ant species across habitats, we used a 

combination of standard ant sampling methods (Gotelli et al., 2011; Fig. 2) across 

two sampling periods. During June-August 2021, we conducted timed hand 

collection, baiting, and leaf litter extraction at all sites (Table 1). In June 2023, we 

conducted pitfall trapping at most previously sampled sites and included twelve 

additional sites not sampled in 2021 (Table 1).  

In 2023, we deployed pitfall traps along a 10-meter transect at each site 

where ground conditions allowed. Plastic specimen cups (5 cm diameter) were filled 

halfway with water mixed with dish detergent to break surface tension, and then 

placed flush with the soil surface at 5 m intervals (Fig. 2a). The traps were retrieved 

after 48 hours, the contents were strained, and all remaining material was stored in 

70% ethanol for later sorting and identification. For hand collection, we used forceps 

and aspirators (Fig. 2b) to collect ants across microhabitats (e.g., under rocks, logs, 

within leaf litter, and up tree trunks) within our 20 x 20 m plots for a cumulative total 

of one hour per site (sum of time each individual spent sampling). Specimens were 

preserved in 70% ethanol for later identification. For baiting, we provided a multi-bait 

buffet that included olive oil, 20% L-glutamine, 20% sucrose, 5% NaCl, and tap 
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water. We arranged the baits in a circular pattern spaced evenly apart (10 cm) at the 

center of our two transects and recorded the species and number of individuals 

feeding at each bait after one hour (Fig. 2c). We retained voucher specimens for any 

ants that could not be identified in the field. For leaf litter sampling, we collected a 1 

m² quadrat from the area with the densest visible litter. We sifted the litter and placed 

it in a Winkler extractor (Ivanov et al. 2010; Fig. 2d) for 48 hours to collect ants and 

other arthropods into propylene glycol.  

We identified all ants to species using the Mississippi Entomological 

Museum’s dichotomous key to the ants of the southeastern United States (MacGown 

2024). Voucher specimens were deposited in the Auburn University Museum of 

Natural History. 

 

Statistical Analyses 

All analyses were performed in R 4.4.1 (R Core Team 2025). To assess 

differences in species richness among habitat types, we computed sample-based 

species accumulation curves (random site accumulation, 999 permutations) using 

the 'vegan' package (Oksanen et al. 2025) based on pooled species counts from 

baiting, leaf litter extraction, and hand collection (pitfall traps were excluded as not all 

sites were sampled using this method). We also compared site-level richness among 

habitat types using the same sampling methods with a Kruskal-Wallis rank-sum test. 

To compare ant abundance among habitats, we calculated mean per-site pitfall 

abundance (averaged across all species records at each site) and fit a Poisson 

generalized linear model (GLM) with a log link function, and differences among 
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habitats were followed up with estimated marginal means (EMMs) and pairwise 

contrasts with Benjamini-Hochberg adjustment.  

To evaluate the effects of urban heat and other environmental factors on 

community composition and species richness, we used a Jaccard distance-based 

redundancy analysis (db-RDA). Predictor variables were retained only after 

confirming acceptable collinearity (variance inflation factors < 10). Overall and 

marginal significance were assessed using ANOVA-like permutation tests (999 

permutations). For variables with acceptable collinearity, we also tested bivariate 

relationships between site-level richness and six environmental predictors (percent 

canopy cover, percent impervious surface, percent leaf litter cover, leaf litter depth 

[cm], surface temperature [°C], and vegetation complexity) using separate linear 

models (LMs).  

To test the effects of invasive species on community composition as well as 

native ant abundance and species richness, we conducted a Jaccard db-RDA with 

site-level abundances of three invasive ants as predictors (Brachyponera 

chinensis, Solenopsis invicta, and Linepithema humile). Because abundance 

estimates were derived from pitfall traps, these analyses were restricted to pitfall 

samples. Significance of overall and marginal effects was assessed using ANOVA-

like permutation tests (999 permutations). We followed significant effects with 

Poisson GLMs (log link) to test the effects of invasive species abundance on native 

ant abundance and native species richness with habitat type included as an 

additional predictor. 
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Table 1. Site location and sampling methods 

Site Habitat type Latitude Longitude Sampling method(s) 

S01 Forested park 33.7875 -84.371944 Hand, bait, winkler 

S02 Forested park 33.791111 -84.371944 Hand, bait, winkler 

S03 Forested park 33.790414 -84.382421 Hand, bait, winkler, pitfall 

S04 Manicured park 33.78857 -84.380784 Hand, bait, winkler 

S05 Streetscape 33.788456 -84.383533 Hand, bait, winkler 

S06 Streetscape 33.794966 -84.387935 Hand, bait, winkler, pitfall 

S07 Manicured park 33.7825 -84.375556 Hand, bait, winkler 

S08 Manicured park 33.7825 -84.375556 Hand, bait, winkler 

S09 Forested park 33.782787 -84.375558 Hand, bait, winkler, pitfall 

S11 Manicured park 33.769551 -84.352222 Hand, bait, winkler, pitfall 

S12 Forested park 33.772462 -84.336777 Hand, bait, winkler 

S13 Forested park 33.793338 -84.363592 Hand, bait, winkler 

S14 Forested park 33.785469 -84.361223 Hand, bait, winkler, pitfall 

S15 Forested park 33.7858 -84.363114 Hand, bait, winkler, pitfall 

S16 Forested park 33.795475 -84.374626 Hand, bait, winkler, pitfall 
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Site Habitat type Latitude Longitude Sampling method(s) 

S17 Streetscape 33.7925 -84.386944 Hand, bait, winkler, pitfall 

S18 Streetscape 33.790278 -84.387222 Hand, bait, winkler, pitfall 

S19 Forested park 33.792438 -84.377936 Hand, bait, winkler 

S20 Streetscape 33.787796 -84.387486 Hand, bait, winkler 

S21 Streetscape 33.754937 -84.388715 Hand, bait, winkler 

S22 Manicured park 33.770658 -84.347666 Hand, bait, winkler, pitfall 

S23 Manicured park 33.760184 -84.394471 Hand, bait, winkler, pitfall 

S24 Manicured park 33.760184 -84.394471 Hand, bait, winkler, pitfall 

S25 Streetscape 33.782778 -84.384167 Hand, bait, winkler 

S26 Streetscape 33.782302 -84.383878 Hand, bait, winkler 

S27 Manicured park 33.761365 -84.394063 Hand, bait, winkler 

S28 Streetscape 33.755661 -84.388431 Hand, bait, winkler 

S30 Streetscape 33.758475 -84.402273 Hand, bait, winkler, pitfall 

S31 Streetscape 33.784041 -84.382932 Hand, bait, winkler 

S32 Streetscape 33.767653 -84.354766 Hand, bait, winkler, pitfall 

S33 Streetscape 33.759582 -84.389542 Hand, bait, winkler, pitfall 
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Site Habitat type Latitude Longitude Sampling method(s) 

S35 Manicured park 33.769029 -84.358211 Hand, bait, winkler, pitfall 

S37 Forested park 33.758045 -84.357692 Hand, bait, winkler, pitfall 

S38 Forested park 33.757785 -84.357449 Hand, bait, winkler, pitfall 

S39 Manicured park 33.784492 -84.378273 Hand, bait, winkler 

S40 Manicured park 33.769838 -84.346813 Hand, bait, winkler 

S41 Forested park 33.771101 -84.343492 Hand, bait, winkler 

S42 Manicured park 33.758305 -84.35788 Hand, bait, winkler, pitfall 

S43 Forested park 33.793736 -84.3763 Hand, bait, winkler, pitfall 

S44 Forested park 33.793188 -84.376863 Hand, bait, winkler 

S45 Forested park 33.768662 -84.356275 Hand, bait, winkler 

S46 Forested park 33.7660605 -84.3376181 Hand, bait, winkler 

S47 Manicured park 33.7660605 -84.3376181 Hand, bait, winkler 

S48 Manicured park 33.7366051 -84.3722826 Hand, bait, winkler 

S49 Manicured park 33.7393781 -84.3734571 Hand, bait, winkler 

S51 Streetscape 33.755519 -84.359384 Hand, bait, winkler, pitfall 

S52 Streetscape 33.758307 -84.393585 Hand, bait, winkler 
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Site Habitat type Latitude Longitude Sampling method(s) 

S101 Streetscape 33.774225 -84.416938 Pitfall 

S102 Streetscape 33.781395 -84.399355 Pitfall 

S103 Manicured park 33.770191 -84.376930 Pitfall 

S105 Manicured park 33.766500 -84.337191 Pitfall 

S106 Forested park 33.738082 -84.371237 Pitfall 

S107 Manicured park 33.736457 -84.369385 Pitfall 

S108 Forested park 33.790225 -84.368503 Pitfall 

S109 Forested park 33.790335 -84.366770 Pitfall 

S110 Manicured park 33.789940 -84.368322 Pitfall 

S111 Manicured park 33.789886 -84.366507 Pitfall 

S112 Forested park 33.793308 -84.363614 Pitfall 

S113 Streetscape 33.782159 -84.383785 Pitfall 

S114 Forested park 33.773726 -84.338143 Pitfall 
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Fig. 1 Spatial distribution of impervious surface cover across Atlanta, Georgia (USA), 

to a resolution of 30 metres using Dewitz (2023). Darker shading indicates higher 

percentages of impervious surface. Sampling sites are shown and color-coded by 

habitat type.  
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Fig. 2 Sampling methods. (a) Pitfall trap filled with soapy water, (b) aspirator used for 

hand sampling, (c) liquid baits, and (d) Winkler bags used to extract ants from leaf 

litter samples. 
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Results 

Community richness and abundance across habitats 

We identified 54 ant species from 22 genera across all sampling methods and 

sites (Table 2). Contrary to expectations, species richness did not peak in the least 

disturbed habitat (forested parks) but instead was highest in habitats with 

intermediate urban stress (manicured parks; Fig. 3a); richness was 32 species in 

streetscapes, 33 in forested parks, and 40 in manicured parks. Mean site-level 

richness was highest in manicured parks, intermediate in streetscapes, and lowest in 

forested parks (Fig. 3b), though differences were not significant (Kruskal-Wallis, N = 

47, df = 2, χ2
 = 5.35, p = 0.069). Ant abundance varied significantly among habitats 

based on pitfall samples (Poisson GLM, N = 34, df = 31, residual deviance = 124.25, 

p < 0.0001). Post hoc comparisons of estimated marginal means (EMMs) revealed 

that streetscapes supported higher mean per-site ant abundance than manicured 

parks (ratio = 2.22, SE = 0.37, z = 4.81, p < 0.0001) and forested parks (ratio = 1.70, 

SE = 0.27, z = 3.35, p = 0.001), while forested and manicured parks did not differ 

significantly (ratio = 1.31, z = 1.66, p = 0.097). 

 

Abiotic drivers: urban heat and environmental variables 

Ant community composition was significantly related to the environmental 

predictor set in a distance-based redundancy analysis (db-RDA) on Jaccard 

dissimilarities (ANOVA-like permutation test, pseudo-F = 2.03, p = 0.001; 999 

permutations). Marginal permutation tests indicated that surface temperature 

(pseudo-F = 1.66, p = 0.039) and canopy cover (pseudo-F = 1.61, p = 0.042) were 

significant predictors of community composition, whereas leaf litter cover (F = 
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1.53, p = 0.061), leaf litter depth (F = 1.37, p = 0.094), and vegetation complexity (F 

= 1.39, p = 0.099) were marginally non-significant, and habitat category had no 

significant effect (F = 0.86, p = 0.739; Fig. 5a). Separate LMs of site-level species 

richness on each abiotic predictor showed that richness decreased significantly with 

increasing leaf litter cover (β = −0.050, t = −2.93, p = 0.005, R² = 0.16) and leaf litter 

depth (β = −2.21, t = −3.46, p = 0.001, R² = 0.21), but was not significantly related to 

surface temperature (t = 0.31, p = 0.761), canopy cover (t = −1.01, p = 0.316), 

impervious surface (t = 0.51, p = 0.611), or vegetation complexity (t = 0.41, p = 

0.683; Fig. 4). 

 

Biotic drivers: invasive species  

Ant community composition varied significantly with invasive ant abundance in 

a db-RDA constrained by abundances of Brachyponera chinensis, Solenopsis 

invicta, and Linepithema humile (ANOVA-like permutation test: F = 1.98, p = 0.001, 

999 permutations; R² = 0.165, adj. R² = 0.082; Fig. 5b). Marginal tests indicated 

significant effects of B. chinensis (F = 2.99, p = 0.001) and L. humile (F = 1.50, p = 

0.017), while S. invicta had no significant effect (p > 0.0552). Of the six most 

common species, two were invasive (B. chinensis, S. invicta; Fig. 6), and of those B. 

chinensis had the highest abundance in forested parks and overall (Fig. 7). Results 

from GLMs showed that native ant abundance declined significantly with increasing 

B. chinensis abundance (Poisson GLM, β = −0.0119 ± 0.0010 SE, z = −11.48, p < 

0.0001; Fig. 8a). On the response scale, each additional B. chinensis individual 

corresponded to an ~1.2% decrease in expected native abundance (exp(β) = 0.988), 

with an estimated baseline of ~50 native individuals at sites where B. chinensis was 
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absent (exp(intercept) = 49.9). The negative relationship between B. chinensis 

abundance and native abundance remained significant after including habitat as a 

covariate, although the effect size was reduced (Poisson GLM: β = −0.0042 ± 

0.00126 SE, z = −3.36, p = 0.00078; Fig. 8a). After controlling for habitat type, B. 

chinensis abundance showed a marginal association with native richness (Poisson 

GLM: β = -0.0064 ± 0.0034 SE, z = -1.88, p = 0.0607; Fig. 8b). 
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Table 2. Occurrence data for all species found during hand collection, pitfall 

trapping, winkler extraction and baiting. There were 18 total streetscapes, 20 total 

manicured parks, and 22 total forested parks for a total of 60 total sites. Non-native 

species are indicated by an asterisk (*). 

Species Streetscape 
Manicure

d Park 

Forested 

Park 

Total 

Sites 

Found 

Aphaenogaster flemingi Smith 1 0 0 1 

Aphaenogaster fulva Roger 0 1 1 2 

Aphaenogaster rudis complex 

Wesson & Wesson 
0 1 0 1 

Brachymyrmex depilis Emery 0 1 1 2 

Brachymyrmex obscurior Forel * 1 3 1 5 

Brachymyrmex patagonicus Mayr * 10 6 1 17 

Brachymyrmex sp.02 1 1 2 4 

Brachyponera chinensis * (Emery) 12 17 21 50 

Camponotus americanus Mayr 0 0 2 2 

Camponotus castaneus Latreille 5 6 12 23 

Camponotus chromaiodes Bolton 0 0 2 2 
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Species Streetscape 
Manicure

d Park 

Forested 

Park 

Total 

Sites 

Found 

Camponotus nearcticus Emery 1 1 0 2 

Camponotus pennsylvanicus (De 

Geer) 
3 12 16 31 

Camponotus snellingi Bolton 3 0 5 8 

Crematogaster ashmeadi Mayr 5 8 6 19 

Crematogaster lineolata (Say) 0 1 0 1 

Crematogaster minutissima Mayr 1 0 1 2 

Crematogaster missouriensis 

Emery 
1 2 0 3 

Crematogaster vermiculata Emery 1 0 1 2 

Forelius mccooki (McCook) 0 1 0 1 

Formica pallidefulva Latreille 4 10 12 26 

Formica rubicunda Emery 0 2 3 5 

Formica subsericea Say 1 3 3 7 

Hypoponera punctatissima (Roger) 0 1 0 1 
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Species Streetscape 
Manicure

d Park 

Forested 

Park 

Total 

Sites 

Found 

* 

Lasius americanus Emery 10 14 8 32 

Lasius aphidicola (Walsh) 0 0 1 1 

Lasius nearcticus Wheeler 0 1 0 1 

Lasius neoniger Emery 5 16 12 33 

Linepithema humile (Mayr) * 5 2 0 7 

Monomorium carbonarium (Smith) 10 4 3 17 

Monomorium viridum Brown 1 1 0 2 

Myrmecina americana Emery 1 0 0 1 

Nylanderia faisonensis (Forel) 0 4 0 4 

Nylanderia wojciki (Trager) 15 14 7 36 

Pheidole bicarinata Mayr 4 2 2 8 

Pheidole dentata Mayr 1 3 0 4 

Pheidole dentigula Smith 0 0 1 1 

Pheidole megacephala (Fabricius) 0 1 0 1 



29 
 

Species Streetscape 
Manicure

d Park 

Forested 

Park 

Total 

Sites 

Found 

* 

Pheidole morrisii Forel 0 1 0 1 

Pheidole tysoni Forel 7 12 8 27 

Prenolepis imparis (Say) 0 0 1 1 

Pseudomyrmex ejectus (Smith) 0 1 0 1 

Solenopsis invicta Buren * 13 8 5 26 

Solenopsis molesta (Say) 12 7 5 24 

Stigmatomma pallipes (Haldeman) 1 0 0 1 

Strumigenys archboldi (Deyrup & 

Cover) 
0 0 1 1 

Strumigenys hexamera (Brown) * 1 0 0 1 

Strumigenys louisianae Roger 1 2 3 6 

Strumigenys membranifera Emery 

* 
3 2 1 6 

Strumigenys ornata Mayr 0 0 1 1 
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Species Streetscape 
Manicure

d Park 

Forested 

Park 

Total 

Sites 

Found 

Strumigenys silvestrii (Emery) * 0 1 0 1 

Tapinoma sessile (Say) 7 9 6 22 

Temnothorax schaumii (Roger) 0 2 0 2 

Trachymyrmex septentrionalis 

(McCook) 
0 1 0 1 
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Fig. 3 Ant species richness across habitat types. (a) Species accumulation curves 

comparing ant species richness among habitat types. Shaded areas represent 95% 

confidence intervals. (b) Boxplots showing site-level species richness across habitat 

types (Median and interquartile range), though differences among habitat types were 

not statistically significant (Kruskal-Wallis, p = 0.069). 
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Fig. 4 Relationships between ant species richness and six abiotic and environmental 

variables across all sites. (a) Canopy cover, (b) impervious surface cover, (c) leaf 

litter cover, (d) leaf litter depth, (e) maximum surface temperature, and (f) vegetation 

complexity (Shannon index, H′). Each point represents one site. Linear regression 

lines with 95% confidence intervals are shown for significant relationships (p < 

0.05). p-values are from linear models. 
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Fig. 5 Abiotic and biotic drivers of ant community composition. (a) Jaccard distance-

based redundancy analysis (db-RDA) of species composition constrained by 

environmental predictors; convex hulls indicate habitat types. (b) Jaccard db-RDA of 

pitfall-trap communities constrained by abundances of Brachyponera chinensis, 

Solenopsis invicta, and Linepithema humile. CAP1 and CAP2 are the first and 

second constrained axes of the db-RDA, which are the linear combinations of 

predictor variables that capture the largest fractions of variation in ant community 

composition. Predictors are shown in red. 
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Fig. 6 Occurrences of the six most frequently detected ant species in Atlanta by 

habitat type, ordered from most to least common (left to right). Invasive species are 

indicated in red text. 
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Fig. 7 Stacked bar plot showing the mean abundance of the three main invasive ant 

species (Brachyponera chinensis, Solenopsis invicta, and Linepithema humile), 

grouped by habitat type (streetscapes, manicured parks, and forested parks). 
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Fig. 8 Relationships between Brachyponera chinensis abundance and (a) native ant 

abundance and (b) native ant richness. Plots show best fit line with 95% confidence 

intervals, and habitat type is indicated by colour. P-values are taken from Poisson 

GLMs with habitat type included as a predictor. 
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Discussion 

Although previous studies suggest that cities function as bioarks for insect 

diversity, our results indicate that this capacity may be reduced due to invasion. 

Consistent with the global latitude-diversity gradient (Wallace 1878; Perez et al. 

2022; Griffith et al. 2025; Penick et al. 2025), overall ant species richness was higher 

in Atlanta (55 species) than in comparably sampled northern cities, such as New 

York City, New York (USA), (40 species; Penick, 2021). However, within Atlanta, 

species richness was lowest in relatively protected forested parks. This pattern 

contrasts with findings from northern cities, where intact forest habitats typically 

support the highest native richness (Sattler et al. 2011; Savage et al. 2015; Fenoglio 

et al. 2020; Sanllorente et al. 2025). This decline in species richness was not related 

to common abiotic urban stressors, such as urban heat or impervious surface cover. 

Instead, native diversity and abundance declined with increasing abundance of the 

invasive Asian needle ant (Brachyponera chinensis). This result aligns with broader 

patterns showing greater divergence between urban and non-urban ant communities 

at lower latitudes (Perez et al. 2022) and suggests that biological invasion may limit 

the ability of remnant habitats to function as bioarks in low-latitude cities, even where 

regional species pools are large. 

 Urban heat is widely recognized as one of the most consistent stressors in 

urban ecosystems (Youngsteadt et al. 2017; Fenoglio et al. 2020; Polidori et al. 

2023; Cabon et al. 2024; Dietzel et al. 2025; Penick et al. 2025). Across taxa, urban 

warming has been shown to alter phenology, abundance, and species turnover, and 

global analyses suggest that thermal stress should intensify toward lower latitudes 
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where organisms operate closer to upper thermal limits (Deutsch et al. 2008; 

Diamond et al. 2012; Sunday et al. 2014). Based on these patterns, we predicted 

that urban heat would be a primary driver of species richness declines in Atlanta. 

However, surface temperature was not a significant predictor of native richness or 

composition. We cannot rule out temperature effects entirely, as work from Raleigh, 

North Carolina (USA), suggests urban heat can structure southeastern ant 

communities (Penick et al. 2025), but in our system, abiotic gradients were 

overshadowed by invasion pressure. Outside of temperature, species richness 

declined with increasing leaf litter cover and depth, factors typically associated with 

higher ant diversity under non-invaded conditions (e.g., Lassau & Hochuli, 2004; 

Queiroz et al., 2013; Silva et al., 2011). This counterintuitive relationship suggests 

that abiotic habitat features alone cannot explain the observed diversity pattern. 

Instead, leaf-litter-rich forests were also the habitats most heavily invaded by B. 

chinensis, indicating that biotic pressure may have overridden expected habitat 

effects. 

 Instead of abiotic stress, declines in richness and native abundance were 

strongly associated with B. chinensis, the most common ant in Atlanta based on 

species occurrence. Although first documented in the Atlanta metro area in 1932, B. 

chinensis recently expanded in range and abundance and only became prominent in 

Atlanta between 1991 and 2010 (Guénard et al. 2018). Unlike many urban invaders, 

B. chinensis readily persists in relatively undisturbed forests, including protected 

areas, such as Great Smoky Mountains National Park (Guénard and Dunn 2010; 

Kanes et al. 2025). This ecological trait likely explains its disproportionate impact on 

forested parks in Atlanta. Based on patterns from New York City, where forested 

parks support ~23% more species than manicured parks (Savage et al. 2015), we 
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would have expected ~49 species in Atlanta’s forested parks. Instead, we observed 

only 33 species, a ~33% reduction. These losses are consistent with previous 

studies documenting ~32% declines in richness and up to 70% reductions in native 

abundance in sites heavily invaded by B. chinensis (Guénard and Dunn 2010). 

Patterns in native abundance followed similar trends in Atlanta, with an 80% decline 

in native ant abundance across the B. chinensis invasion gradient. These patterns 

suggest that B. chinensis exerts a substantial suppressive effect on native ant 

communities both in and outside of urban areas. 

 In contrast to B. chinensis, the two most economically damaging invasive ants 

in the southeastern United States, the red imported fire ant (Solenopsis invicta) and 

the Argentine ant (Linepithema humile), had comparatively limited effects on native 

diversity in this study. Both species rank among the world's 100 worst invasive alien 

species as determined by the International Union for Conservation of Nature (IUCN) 

(Lowe et al. 2000). Both species impose substantial economic costs due to damage 

and cost of management, with S. invicta alone estimated to have caused 

approximately $3 billion USD in damage in the United States since 1937 (Angulo et 

al. 2022). Yet neither species was particularly dominant across sites in Atlanta. We 

found that S. invicta was only the sixth most common ant species in Atlanta based 

on species occurrences, and was largely restricted to streetscapes and manicured 

parks; L. humile was rare based on species occurrences, but locally abundant in in 

the relatively few sites it was collected. While S. invicta and L. humile remain costly 

urban pests, particularly in highly disturbed habitats near structures, the forest-

adapted B. chinensis exerted far stronger effects on native ant communities within 

remnant parks. These results underscore an important distinction between economic 

prominence and biodiversity impact, as relatively few resources have been deployed 
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towards control of B. chinensis compared to these other invaders (Buczkowski 

2023). 

 Overall, our results suggest that the capacity of cities to function as protected 

habitats for insects may be reduced by invasive species, particularly at lower 

latitudes. If the patterns observed in Atlanta are representative, low-latitude cities 

may experience greater biodiversity declines associated with stronger invasion 

pressure. This interpretation is consistent with global analyses showing greater 

losses of ant diversity and increased divergence between urban and non-urban 

communities at lower latitudes (Perez et al. 2022), patterns attributed to higher 

dominance of non-native species, though not directly tested. In Atlanta, relatively 

intact forested parks did not provide refuge from invasion. This suggests that habitat 

protection alone may be insufficient to conserve native biodiversity in warmer regions 

where invasion pressure is high. Notably, Atlanta remains within a temperate region, 

underscoring the need for comparative studies in lower-latitude and tropical cities, 

where these dynamics may be even more pronounced and where the bioark 

hypothesis remains largely untested. 

 These findings have practical implications for urban conservation. Cities are 

major hubs for species introductions (Francis and Chadwick 2015), and future urban 

expansion is projected to occur disproportionately in biodiverse regions (Seto et al. 

2012; Potgieter et al. 2024). Yet most urban invasive ant management focuses on 

nuisance control around structures, where chemical baits are the primary treatment 

strategy (Dimarco et al. 2017). While chemical controls can be effective, they may 

generate non-target effects (Hoffmann et al. 2023; Amaral et al. 2024). Adjusting bait 

grain size, placement, timing, and formulation can further reduce collateral effects on 
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native ants (Vogt et al. 2005; Hoffmann et al. 2023). Species-specific approaches 

may be particularly important for managing B. chinensis. Buczkowski (2016) 

demonstrated that termite-based “Trojan horse” baiting can selectively suppress B. 

chinensis with reduced non-target effects, although scaling such approaches may be 

challenging. More recently, Buczkowski (2023) showed that incorporating termite 

cuticular extracts into baits improves acceptance by B. chinensis, potentially 

increasing treatment efficacy. Seasonal timing may also matter, as bait acceptance 

by B. chinensis peaks between July and September (Corsetti 2024). However, 

additional investment in effective control strategies for B. chinensis is needed to 

develop scalable methods at local eradication. 

More broadly, our findings indicate that invasive insects can exert strong 

pressure even within relatively protected park habitats. Urban forests are often 

fragmented and subject to edge effects that facilitate invasion (Holway 2005). 

Indeed, B. chinensis appears to perform particularly well in fragmented forests 

(Campbell et al. 2019). Cities may therefore act as incubators for forest-adapted 

invaders, not merely hubs for disturbance-associated species. The recent 

establishment of the ManhattAnt, Lasius emarginatus (Olivier, 1792), in New York 

City illustrates this broader pattern, as they were also first detected in urban parks 

before spreading into highly urban areas (Kennett et al. 2024). Cities are thus 

simultaneously potential bioarks and frontlines of biological invasion (Lin et al. 2025). 

In low-latitude regions where biodiversity is highest, preserving insect diversity will 

require not only protecting remnant habitats but actively managing invasive species 

within them. Without coordinated invasion control, remnant urban forests may fail to 

serve as refuges where they are most needed. Whether cities ultimately function as 



42 
 

bioarks or sources of biodiversity loss will depend on our ability to manage invasion 

within these protected habitats. 
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Chapter 2: Counting urban ants: Evaluating best practices for sampling ant 
diversity in cities 

 
 

Introduction 

Cities have emerged as a critical frontier for ant ecology (Santos 2016; 

Perfecto and Philpott 2023; Penick and Edenborough 2026 Apr 15). Urban 

environments can support both extraordinarily high ant abundance and diversity: for 

example, there are estimated to be roughly 2,000 ants for every human resident in 

New York City (Penick 2021), while Macao—the most densely populated region on 

the planet with more than 20,000 people per square kilometre—hosts over 150 ant 

species, more than are found in most European countries (Brassard et al. 2021). 

Because ant communities respond predictably to environmental conditions, they 

have long been used as bioindicators of ecological change, particularly to assess 

ecosystem responses to disturbance and land use (Andersen 1997; King et al. 

1998). Changes in ant species richness and composition have been used to track 

habitat degradation (Andersen et al. 2002), monitor ecological restoration (Gerhardt 

2002; Andersen and Majer 2004), and infer broader shifts in soil communities. 

Despite their growing importance as indicators of urban ecological change, there 

remains little consensus on how best to sample ant communities in cities. 

The current standard for sampling ground-dwelling ant communities is the 

Ants of the Leaf Litter (ALL) protocol, which combines pitfall trapping, leaf-litter 

extraction, and hand collection along a 200 m transect (Bestelmeyer et al. 2000 Jan 

1; Fisher et al. 2000). This protocol has been widely validated across temperate and 

subtropical natural ecosystems and underpins most rigorous ground-dwelling ant 

inventories (King and Porter 2005; Wiezik et al. 2015). However, the physical and 
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spatial requirements needed for the ALL protocol are frequently unmet in urban 

environments: leaf litter is often sparse or absent, impervious surfaces limit the 

placement of pitfall traps, and highly fragmented habitat patches make long transects 

impractical. As a result, urban ecologists often modify or abandon elements of the 

ALL protocol by omitting certain methods (most commonly pitfall trapping or litter 

sampling) or substituting simpler alternatives, such as baiting (Curry et al. 2024; 

Eydoux et al. 2024; Penick et al. 2025). This has led to wide variation in 

methodological approaches across studies, which complicates comparisons and 

limits our ability to synthesize patterns of urban biodiversity. 

In addition to methodological differences, the spatial framework used to 

sample cities can strongly influence ecological inference. Studies of vertebrates 

often treat urbanisation as a continuous gradient, using metrics such as impervious 

surface cover to quantify environmental change (Melles et al. 2003; Riem et al. 2012; 

Demartín et al. 2024). However, ants and many other ground-dwelling arthropods 

experience cities at much finer spatial scales. Most species forage only meters from 

their nest, meaning that colonies separated by short distances may occupy 

fundamentally different environments; for example, an ant colony in New York City’s 

Central Park experiences a vastly different habitat than one located just two blocks 

west on Broadway. To account for this, many urban insect studies adopt a habitat 

mosaic approach, categorizing sites into discrete habitat types that vary in 

disturbance or management intensity (Tommasi et al. 2004; Savage et al. 2015; 

Boeing et al. 2023). Yet these classifications differ widely among studies in both 

definition and scope, leading to inconsistent representations of urban biodiversity. 

This lack of standardization raises a key question: whether urban ant communities 
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are better understood along continuous gradients, within discrete habitat mosaics, or 

through some combination of both. 

Here, we evaluated the performance of four commonly used sampling 

methods in urban habitats (pitfall trapping, leaf litter extraction, hand collection, and 

baiting) across 60 urban sites in Atlanta, Georgia (USA). We quantified each 

method’s contribution to total species richness and its unique contribution to the 

community. We then conducted a systematic review of urban ant studies published 

between 2001 and 2025 to characterize prevailing practices in sampling method 

choice and habitat sampling frameworks. We also assessed how consistently studies 

report permitting and access requirements as well as other practical constraints 

unique to urban fieldwork, such as safety. By linking empirical comparisons with 

patterns in the literature, our goal is to identify methodological gaps and provide an 

evidence-based foundation for more standardized and comparable approaches to 

sampling ant communities in urban environments. 

 

Methods 

Ant sampling: comparative evaluation of methods 

We sampled ant communities from 60 sites across Atlanta, Georgia (USA) 

between June–August 2021 and June 2023. Sites were selected to represent a 

habitat mosaic of common urban land-use types that vary in disturbance intensity, 

following the framework described in Edenborough et al. (2026). Specifically, sites 

were categorized into three discrete habitat types: streetscapes (high disturbance), 

manicured parks (moderate disturbance), and forested parks (low disturbance). At 

each site, sampling was conducted within a standardized plot centred on two 
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intersecting 20 m transects, reduced from 200 m from the ALL protocol to allow 

sampling within smaller and more fragmented urban habitat patches. 

 To evaluate sampling performance in urban habitats, we compared four 

commonly used methods: pitfall trapping, leaf-litter extraction, timed hand collection, 

and baiting. Methods were applied using standardized protocols to allow comparison 

of their relative and complementary contributions to species detection as described 

below. Once collected, all ants were identified to species using the Mississippi 

Entomological Museum’s dichotomous key to the ants of the southeastern United 

States (MacGown 2024), and voucher specimens were retained for verification and 

deposited in the Auburn University Museum of Natural History. 

Pitfall trapping: Pitfall traps were placed along one transect at 5 m intervals. At 

each point, a 5 cm diameter plastic specimen cup was installed flush with the ground 

surface and filled halfway with water containing 2–3 drops of dish detergent to 

reduce surface tension. Traps remained in place for 48 hours before collection, after 

which contents were strained and transferred to 70% ethanol for preservation and 

identification. We used soapy water instead of propylene glycol to reduce trap 

visibility in high-traffic environments. Relative to the ALL protocol, which typically 

deploys a greater number of traps spaced at wider intervals along a longer transect, 

our design reduced both transect length (20 m vs. 200 m) and spacing (5 m vs. 10 

m) to accommodate spatial constraints in urban habitats.  

Leaf-litter extraction: Leaf-litter sampling was conducted by collecting a single 

1 m² quadrat of litter from each site and extracting arthropods using Winkler 

extractors for 48 hours (Fisher et al. 2000; Delsinne and Arias-Penna 2012), with 

propylene glycol as a temporary preservative. In contrast to the ALL protocol, which 
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typically includes multiple litter samples per site, we limited sampling to one quadrat 

per site due to the patchy and often limited availability of leaf litter in urban 

environments. Sampling was targeted to areas with the greatest visible litter 

accumulation. In habitats with limited litter (e.g., streetscapes), available material 

was pooled from the surrounding surface, including mulch and organic debris, to 

maximize recovery of litter-associated species.  

Timed hand collection: Hand collection was conducted by trained researchers 

within the transect area and standardized to one hour of cumulative search time per 

site (i.e., the summed time across all collectors). Collectors systematically searched 

a range of microhabitats, including beneath rocks and logs, within leaf litter, and on 

vegetation, using aspirators and forceps. Although hand collection is included in the 

ALL protocol, it is not always time-standardized; here, we imposed a fixed sampling 

duration to enable direct comparison among sites. 

Baiting: Baiting consisted of a multi-resource array designed to attract ants 

with different nutritional preferences. Baits (olive oil, 20% L-glutamine solution, 20% 

sucrose solution, 5% NaCl solution, and water) were arranged in a circular pattern 

with openings facing inward and spaced <20 cm apart. Species identity and the 

number of individuals at each bait were recorded after one hour, and voucher 

specimens were collected when necessary. In contrast to many baiting protocols that 

use high-reward food items (e.g., peanut butter, tuna in oil, or pecan sandies) to 

maximize recruitment, our approach prioritized diversity of resource types to quantify 

foraging preferences, even if this reduced recruitment intensity at individual baits. 
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Literature review: variation in urban sampling design 

We conducted a systematic review of urban ant community studies published 

between 2001 and 2025 using Web of Science (search string: TS = (urban AND ants 

AND (community OR communities) AND (richness OR diversity))). Results were 

manually screened to retain only studies that sampled ant communities in urban or 

peri-urban environments; studies focused solely on single species, pest 

management, solely agricultural habitat, or non-urban landscapes were excluded.  

For each study, we recorded three key aspects of sampling design: (1) the 

sampling methods, (2) the spatial framework used to characterize urban 

environments, and (3) the habitat types sampled. Sampling methods were classified 

as baiting, pitfall trapping, leaf-litter extraction, hand collection, vegetation beating, or 

other. Spatial frameworks were classified as either gradient-based (continuous 

measures of urbanisation) or mosaic-based (discrete habitat categories). For the 

latter, we categorized habitat types into the following classes: remnant habitat, 

manicured park, streetscape, residential, agricultural, community garden, gradient-

based sampling, or other.  

Remnant habitats were defined as fragments of relatively undisturbed natural 

habitat embedded within the urban matrix, which could include forests, grasslands, 

or deserts. Manicured parks were actively managed green spaces with mowed 

lawns, planted vegetation, and/or moderate human disturbance. Streetscapes 

represented highly urbanised environments characterized by high impervious 

surface cover and frequent human activity. Residential habitats included areas within 

or immediately surrounding residential housing, typically neighbourhoods with single 

family homes. Agricultural sites included actively or recently managed farmland, and 
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community gardens consisted of small, intensively managed plots typically used by 

multiple individuals. The “other” category included habitat types not captured by 

these classifications. 

Finally, we recorded whether each study explicitly reported obtaining sampling 

permits or landowner permission either in the main text or acknowledgments. 

 

Statistical analyses 

All analyses were conducted in R version 4.5.2 (R Core Team 2025). To 

compare total species richness detected by each sampling method, we generated 

species accumulation curves separately for each method using randomized site-

order resampling (1000 permutations across all sites; 999 permutations within 

streetscapes; Oksanen et al. 2025)). For each method, cumulative richness was 

summarized as the mean across permutations, with uncertainty expressed as 95% 

confidence bands. 

To quantify each method’s marginal contribution to total species richness, we 

calculated Shapley values from site × species presence–absence data. Because not 

all sampling methods were applied at all sites, comparisons among methods were 

restricted to the subset of sites where all methods were conducted (N = 21). For 

each of B = 999 bootstrap resamples of sites (sampled with replacement), detections 

were pooled within each method, and the average marginal number of new species 

contributed by each method was calculated across all 24 possible method-addition 

orders. We summarized uncertainty using bootstrap means and 95% percentile 

intervals and visualized the bootstrap distributions using beeswarm plots. The “best” 

method was defined as the method with the highest mean Shapley value across 
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bootstrap replicates. For all other methods, we calculated bootstrap differences 

relative to the best method and summarized these differences using means and 95% 

percentile intervals. We also report the proportion of bootstrap replicates in which 

differences were ≤0 or ≥0 and assessed deviations from zero using two-sided 

bootstrap sign tests. 

 To compare per-site detection among sampling methods, we calculated mean 

species richness per site separately for each method, using all sites where that 

method was applied (baiting and Winkler: N = 47; pitfall: N = 34; hand: N = 49). To 

assess the extent to which methods captured unique components of the community, 

we also calculated the total number of species detected only by each method. In 

addition, to formally test whether methods differed in the number of species they 

captured uniquely at the same site, we calculated, for each of the 21 sites where all 

four methods were applied, the number of species detected only by that method at 

that site (i.e., not detected by any of the other three methods at the same site). 

Pairwise differences among methods in the per-site count of method-unique species 

were tested using Wilcoxon rank-sum tests (rstatix; Kassambara 2019), with 

Benjamini–Hochberg false discovery rate correction applied to p-values across all six 

pairwise comparisons. 

 

Results 

Sampling method performance 

To evaluate how sampling methods differed in their ability to capture ant 

diversity, we compared species accumulation patterns, marginal contributions to total 

richness, and per-site detection. Species accumulation curves revealed clear 



51 
 

differences among methods (Fig. 9A). Hand collection and pitfall trapping detected 

the greatest number of species (39 and 34 species, respectively) and continued to 

accumulate new species across sites, suggesting incomplete sampling at the scale 

of this study. In contrast, Winkler extraction reached an intermediate richness (23 

species), while baiting detected substantially fewer species (16 species). Mean 

species richness per site followed the same pattern, with hand collection and pitfall 

trapping recording the highest pre-site richness and baiting the lowest (Fig. 9C). 

Consistent with these patterns, sampling methods differed in their marginal 

contributions to the pooled species inventory when overlap among methods was 

accounted for using Shapley values (Fig. 9B). Hand sampling had the highest mean 

Shapley contribution (mean = 13.6 species; 95% bootstrap CI = 9.58–17.0; B=999). 

Pitfall traps were similar to hand collection (mean = 12.4; 95% CI = 8.5–15.5) and did 

not differ from Hand in bootstrap comparisons (mean difference = −1.25 species; 

95% CI = −7.51 to 4.50; p = 0.7830). In contrast, Winkler sampling contributed fewer 

additional species than hand collection (mean = 8.22; 95% CI = 4.58–11.3; mean 

difference = −5.40; 95% CI = −9.84 to −0.667; p = 0.026), and baiting contributed 

substantially fewer than hand collection (mean = 3.49; 95% CI = 2.33–4.33; mean 

difference = −10.1; 95% CI = −13.2 to −6.83; p < 0.001). 

To assess whether methods captured distinct components of the community, 

we compared the number of species detected exclusively by each method (Fig. 9D). 

Pairwise Wilcoxon rank-sum tests on the number of method-unique species per site 

(BH-adjusted; N = 21 sites per method) showed significant differences between 

baiting and pitfall (W = 36, p < 0.0001) and between baiting and hand collection (W = 

33, p < 0.0001). Winkler also differed significantly from pitfall (W = 76, p = 0.0004) 
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and from hand sampling (W = 77, p = 0.0004). In contrast, baiting and Winkler did 

not differ (W = 157, p = 0.0820), and pitfall and hand sampling did not differ 

significantly (W = 236, p = 0.6920). All p-values were BH-adjusted to account for 

multiple comparisons. 

 

Variation in urban sampling design across studies 

To evaluate how urban ant studies vary in sampling design and geographic 

scope, we summarized patterns across 83 studies spanning 25 years (2001–2025). 

Studies were conducted across all six continents where ants occur (Fig. 10A). The 

number of studies increased steadily over time, particularly after 2010, with 

approximately 6–7 studies published per year in recent decades (Fig. 10B). Cities 

spanned a wide range of populations, ranging from 2,756 to 13,010,112, with a 

median city size of 272,773 (Fig. 10C).  

Studies differed in how they characterized urban environments. Defining a 

mosaic-based design as one in which two or more discrete habitat types were 

sampled, 43.5% of studies (N = 37) used a mosaic-based approach, while 56.5% (N 

= 48) sampled only a single habitat type; only 5% (N = 4) explicitly sampled along 

continuous urban gradients (Fig. 11B). Across all studies, remnant habitats (e.g. 

forest fragments, grasslands) were the most frequently sampled habitat type (51%), 

followed by manicured parks (45%), streetscapes (28%), residential (19%), 

agricultural land (14%), community gardens (9%), and urban gradients (5%; Fig. 

11A). Habitats defined as 'other' included green rooftops, bromeliad flowers, and one 

study that did not define habitat type. Among studies that sampled multiple habitats 
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(N = 37), most sampled only two (48.6%, N = 18), with the remaining 51.4% (N = 19) 

sampling three or more. 

Sampling approaches also varied widely across studies. Passive trapping 

methods, pitfall traps (64%, N = 54) and baits (44%, N = 37), were the most 

commonly employed across the literature, whereas more labour-intensive or 

specialised techniques such as leaf-litter extraction (11%, N = 9), beat sampling (5%, 

N = 4), and pan traps (2%, N = 2) were used by only a small minority of studies (Fig. 

11C). Pitfall traps were the dominant collection method, used in 64% of studies, 

followed by baits (44%) and hand collection (33%), leaf litter extraction (11%), beat 

sampling (5%), and other methods (2%; Fig. 11D). ‘Other’ methods used were pan 

traps (bees were the primary focus organism) and targeted collection of  entire nest 

sites.  

Reporting of sampling permissions was inconsistent across studies. Only 38% 

of studies (N = 32) explicitly reported obtaining permits or permission to sample, 

while the remaining 62% (N = 53) made no statement regarding permission (Fig. 

12). 
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Fig. 9 Comparison of four sampling methods (baiting, Winkler extraction, pitfall 

trapping, hand collection) for ant diversity across 60 sites in Atlanta, Georgia, USA. 

(a) Species accumulation curves with 95% confidence intervals based on 1,000 

random permutations of site order. (b) Shapley value analysis showing each 

method's marginal contribution to total species richness (centred within 999 

bootstrap replicates); points are coloured by raw Shapley value, horizontal bars 

indicate 95% bootstrap confidence intervals, and black dots mark the mean (c) Mean 

species richness per site (± SE) for each method. (d) Number of unique species 

detected exclusively by each method across all sites. 
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Fig. 10 Geographic and temporal overview of urban ant sampling studies (N = 83, 

2001–2025). (a) World map showing the locations of study cities, with a horizontal 

histogram summarising the number of cities sampled per latitudinal band (grouped 

per 15°). (b) Cumulative number of published studies over time. (c) Distribution of 

study city populations on a logarithmic scale, with the dashed line indicating the 

median population (272,773). 
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Fig. 11 Summary of habitat types and sampling methods reported across 83 urban 

ant studies (2001–2025). (a) Proportion of studies conducted in each habitat type. 

(b) Distribution of the number of habitat types surveyed per study. (c) Proportion of 

studies employing each sampling method. (d) Distribution of the number of sampling 

methods used per study. 
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Fig. 12 Proportion of urban ant sampling studies (N = 83) that reported obtaining 

permits or permission to conduct fieldwork. The majority of studies (62%, n = 53) 

did not report obtaining any permits or permission. 
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Discussion 

Ants have emerged as a model system for understanding how urbanisation 

shapes biodiversity (Buczkowski and Richmond 2012; Savage et al. 2015; Penick 

and Edenborough 2026 Apr 15), yet the methods used to sample them have not kept 

pace with the unique constraints of urban environments. Standardized approaches 

developed for natural habitats, such as the ALL protocol, assume conditions that are 

often absent in cities (Bestelmeyer et al. 2000 Jan 1; Fisher et al. 2000). The 

challenge of adapting biodiversity protocols to novel urban conditions is shared 

across taxa and reflects a wider methodological gap in urban ecology (McKinney 

2008; Aronson et al. 2014). Consistent with this mismatch, we found that leaf-litter 

extraction, a cornerstone of forest sampling, captured significantly fewer species 

than either pitfall trapping or hand collection in urban habitats. Instead, hand 

collection performed best, despite being used relatively infrequently in urban studies. 

Across 83 studies, pitfall traps and baiting were the most commonly used methods 

(Lessard and Buddle 2005; Dattilo et al. 2011; Salyer et al. 2014; Curry et al. 2024), 

even though baiting performed poorly in our comparisons. Moreover, most studies 

relied on a single sampling method and a narrow set of habitat types, whereas our 

results show that combining methods is essential for capturing the full diversity of 

urban ant communities. These findings highlight a disconnect between current 

practice and effective sampling design, while also pointing to a clear path forward. 

 

Sampling method performance in urban environments 

Across Atlanta, hand collection and pitfall trapping were the most effective 

methods for sampling ant diversity, whereas leaf-litter extraction and baiting 
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contributed substantially fewer additional species. These results are consistent with 

predictions by Gotelli et al. (2011), who suggested that hand collection should 

perform particularly well in disturbed, rocky, or leaf-litter-poor habitats. They also 

align with King & Porter (2005), who showed that the relative performance of 

methods in the ALL protocol depends strongly on habitat structure, with leaf-litter 

sampling performing best where leaf litter is abundant and litter-specialist faunas are 

well developed. In our study, leaf litter was often sparse and patchy, and in some 

cases had to be collected from reduced or aggregated areas, likely contributing to 

the lower yield. We only collected one leaf litter sample per site compared to five 

pitfall samples, so there could be a marginal benefit to expanding leaf litter 

collections, especially in habitats where leaf litter is abundant.  

Hand collection emerged as the most consistently effective approach, both in 

total richness and marginal contribution, highlighting its value as a primary method 

for urban surveys. Intensive hand sampling has previously been used to recover 

unexpectedly high ant diversity from heavily disturbed urban habitats, including 

Manhattan street medians and New York City greenspaces (Pećarević et al. 2010; 

Savage et al. 2015). Unlike passive methods, hand collection allows researchers to 

target a wide range of microhabitats, including vegetation, artificial structures, and 

small patches of organic material that are common in cities but poorly sampled by 

other techniques. Hand collection is also accessible to non-experts, who can be 

trained to produce samples comparable to those of expert myrmecologists (Lucky et 

al. 2014). Therefore, if only a single method can be used, our results suggest that 

standardized, timed hand sampling provides the most complete representation of 

urban ant communities. 
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Baiting, in contrast, captured relatively few additional species and contributed 

the least to overall richness despite being the second most common study method. 

This is consistent with the well-established selectivity of baiting toward dominant, 

rapidly recruiting species, which can monopolize resources and exclude other taxa 

(Delabie et al. 2021). As a result, baiting tends to under-sample cryptic, slow-moving, 

or subordinate species and provides a shallow view of community composition. 

Nonetheless, baiting remains useful for specific applications, such as assessing 

dominance hierarchies, competitive interactions, or the activity of behaviourally 

dominant species. In this context, baiting should be viewed not as a general survey 

tool, but as a targeted method suited to particular ecological questions rather than 

comprehensive biodiversity assessments. 

Overall, our results support a mixed method approach, as no single method 

captured all species, and complementarity among methods remained high even after 

accounting for overlap using Shapley values. This is consistent with findings from 

intensively sampled tropical and temperate sites, where multi-method inventories 

show that no single technique approaches asymptotic ant richness (Longino et al. 

2002; Gotelli et al. 2011 May 1). Each method detected species not recorded by the 

others, reinforcing that multi-method approaches are essential for fully characterizing 

urban assemblages. At a minimum, we recommend combining hand collection with 

pitfall trapping, which together captured the majority of species across sites. 

Additional methods are useful for gap filling, such as leaf litter collection when leaf 

litter is present, as this remains the best method to capture cryptic ant species that 

are unlikely to be found during routine hand collection. 
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Mismatch between current practice and effective sampling 

Despite clear differences in method performance, our review shows that 

urban ant studies have not converged on a consistent or effective sampling strategy. 

Pitfall traps and baiting dominate the literature, while hand collection—our most 

effective method—is used relatively infrequently. This mismatch likely reflects a 

combination of tradition, logistical convenience, and the legacy of protocols 

developed for natural habitats. Pitfall traps are relatively easy to deploy and 

standardize, and baiting provides rapid assessments of conspicuous species, but 

both methods alone provide an incomplete view of community composition.  

More broadly, most studies relied on only one or two sampling methods, 

limiting their ability to detect complementary subsets of the community. As a result, 

differences among studies may reflect methodological variation as much as 

ecological differences, complicating efforts to synthesize patterns across cities or 

regions. This lack of standardization represents a major barrier to developing a 

general understanding of urban biodiversity, particularly for taxa like ants that are 

highly sensitive to local environmental conditions. 

 

Alternative sampling approaches and their trade-offs 

Not all studies aim for standardized comparisons, and alternative sampling 

approaches can be highly effective for documenting maximum species richness. 

Intensive, multi-method surveys—such as those used to document the exceptionally 

high diversity of ants in Macao (Brassard et al. 2021)—demonstrate that combining 

diverse techniques can reveal far more species than any standardized protocol 

alone. For example, a study of a 1.3 km² university campus in Raleigh, North 



62 
 

Carolina, combined hand collection, baiting, pitfall traps, and Winkler extractors to 

record 89 ant species (representing 79% of the regional species pool), whereas a 

contemporaneous standardised survey of the same city recovered only 53% of those 

species (Menke et al. 2011; Guenard et al. 2015). Similarly, approaches that 

emphasize extended hand sampling within defined areas or targeted searches 

across microhabitats can overcome some of the limitations of pitfall trapping and 

litter extraction in highly urbanised settings. 

However, these approaches come with trade-offs. Methods optimized for 

maximizing species detection often lack standardization, making comparisons across 

studies difficult. Conversely, highly standardized methods may sacrifice 

completeness for comparability. Our results suggest that urban ant ecology would 

benefit from approaches that explicitly balance these competing goals, combining 

standardized core methods with flexible, habitat-specific additions. 

 

Spatial frameworks: gradients vs habitat mosaics 

In line with expectations for organisms operating at fine spatial scales, 

mosaic-based study designs (sampling two or more discrete habitat types) were 

used roughly nine times as often as designs based on continuous urban gradients 

(Tommasi et al. 2004; Savage et al. 2015; Boeing et al. 2023). This likely reflects the 

biology of ants, whose colonies experience the environment at the scale of meters 

rather than kilometres. As a result, adjacent habitats, such as a park lawn and a 

nearby sidewalk, can support fundamentally different communities despite being 

embedded within the same broader urban matrix. This preference for mosaics over 

gradients for study designs is consistent with a broader critique that the urban-rural 



63 
 

gradient framework (McDonnell and Pickett 1990) oversimplifies the heterogeneity of 

the habitats that the organisms experience within cities (Cadenasso et al. 2007; 

McDonnell and Hahs 2008). 

While mosaic-based approaches are well suited to capturing this 

heterogeneity, the lack of consistent definitions for habitat categories limits 

comparability across studies. Terms such as “park,” “green space,” or “remnant 

habitat” are often used inconsistently, obscuring meaningful ecological differences. 

Developing shared definitions based on measurable attributes—such as disturbance 

intensity, vegetation structure, and patch size—will be essential for enabling cross-

city comparisons and for integrating mosaic and gradient approaches into a unified 

framework. We propose a framework in which discrete habitat categories are defined 

by a combination of patch size and land-use type: streetscapes as managed 

greenspaces ≤ 5,000 m², manicured parks as managed greenspaces > 5,000 m², 

and remnant habitat as patches of intact natural vegetation. These categorical 

designations should be paired with quantitative environmental metrics — such as 

impervious-surface cover measured within a fixed-radius buffer of each sampling site 

(e.g., 100 m), vegetation structure, and ground-cover composition — so that studies 

retain the comparability of categorical habitat designations while simultaneously 

capturing the continuous environmental gradients that drive ant community variation 

and enable quantitative cross-city comparisons.  

 

Logistical constraints 

Urban sampling is shaped not only by ecological considerations but also by 

the regulatory and social contexts in which fieldwork takes place. Our review found 
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that relatively few studies explicitly reported obtaining permits or permissions, 

despite the fact that urban sampling often requires coordination with local 

governments, park managers, or private landowners. In our experience, permitting 

processes vary widely, from formal applications and multi-step approvals to informal 

arrangements, such as a single email granting access. In some cases, clear 

permitting pathways are not available at all. The under-reporting of these constraints 

reflects a more general pattern in urban ecology, in which the practical and 

regulatory aspects of fieldwork are rarely documented in the published literature 

(Magle et al. 2012). 

Public perception also influences which methods can be used. Techniques 

that involve leaving equipment in place, particularly pitfall traps, can draw attention or 

concern from passersby. We occasionally encountered negative reactions to traps or 

baits in visible locations, especially when using brightly coloured preservatives, such 

as fluorescent pink propylene glycol. To minimize disturbance and reduce visibility, 

we instead used soapy water and placed traps more discreetly. These adjustments 

illustrate how methodological choices in urban ecology are often shaped as much by 

human factors as by ecological ones. 

Urban fieldwork also introduces safety considerations that are largely absent 

from studies in more remote or protected habitats. Sampling frequently occurs near 

roads, sidewalks, and other high-traffic areas, increasing risks associated with 

vehicle traffic and limited visibility. These hazards parallel those documented across 

other field-based sciences; in geological fieldwork, vehicles and environmental 

exposure have been identified as the leading causes of fieldwork-related fatalities 

(Cantine 2021). Interactions with members of the public, while often positive, can 
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also introduce unpredictability, particularly when researchers are working with 

unfamiliar equipment in shared spaces. To mitigate these risks, we adopt practices 

from applied field sciences, including wearing high-visibility clothing (e.g., safety 

vests identifying us as researchers or entomologists), clearly labelling equipment, 

and selecting sampling locations with both ecological and safety considerations in 

mind (Dyson et al. 2019). As urban ecology continues to expand, incorporating 

standardized safety practices and more consistent reporting of logistical constraints 

will be important for ensuring both researcher safety and the reproducibility of urban 

field studies. More broadly, the systematic under-reporting of logistical, regulatory, 

and ethical aspects of fieldwork has been highlighted as a barrier to reproducibility 

and best practice across the biological sciences (Costello et al. 2016). 

 

Toward a standardized protocol for urban ant sampling 

Taken together, our results suggest that a standardized protocol for sampling 

urban ant communities should prioritize a combination of complementary methods 

while remaining flexible to the constraints of urban environments. Coordinated 

frameworks of this kind have already proven valuable in other urban taxa for 

detecting general biodiversity patterns under urbanisation (Aronson et al. 2014). 

Based on our findings, we recommend a mixed-method approach centred on timed 

hand collection and pitfall trapping, which together captured the majority of species 

across sites. Leaf-litter extraction should be used selectively in habitats where 

sufficient litter is present, rather than applied uniformly as in forest-based protocols. 

In contrast, baiting appears to contribute relatively little to overall species richness 
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and may be best reserved for studies focused on dominant or behaviourally active 

species rather than community-wide inventories.  

In addition to method selection, we advocate for a habitat mosaic framework 

that samples discrete habitat types within cities using consistent and clearly defined 

categories based on disturbance level and patch size. These categorical approaches 

should be complemented with quantitative environmental measurements—such as 

impervious surface cover, ground cover composition, and vegetation structure—to 

facilitate comparisons across studies and cities. 

Urban ant research has expanded rapidly over the past two decades, 

reflecting growing recognition of cities as important systems for studying biodiversity 

under global change. Our review revealed a steady increase in studies since 2010, 

with research now spanning all six continents where ants occur. This continued 

growth presents an opportunity to improve both methodological consistency and 

geographic coverage across urban ant ecology. Studying ants in urban systems can 

provide important insights across both basic and applied ecology. Because many ant 

invasions originate in urban habitats, cities offer opportunities to detect new 

invasions at early stages of establishment (Yang and Gratton 2014; Kennett et al. 

2024). Urban systems also facilitate studies of functional ecology, including dietary 

(Penick et al. 2015), physiological (Diamond et al. 2017; Penick et al. 2017; 

Nascimento et al. 2022), and community interactions (Alder and Silverman 2005; 

Gaber et al. 2024), while allowing researchers to examine the roles ants play in 

ecosystem services, such as refuse removal and competition with other urban pests 

(Youngsteadt et al. 2015; Perfecto and Philpott 2023). With increasing attention to 

cities as epicentres of ecological change (Vörösmarty et al. 2025), urban ant 
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communities are well positioned to serve as a globally relevant model system for 

studying how biodiversity responds to rapid environmental transformation.  
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